Body Tissues Needing Simulation
The range of tissue substitutes currently available is the result of demands by experimentalists for materials closely simulating a wide variety of body tissues. During the first half of this century, phantoms with relatively simple geometries were often deemed adequate to represent volumes of muscle for experimental dosimetry. Since then, a steady improvement in dosimetric techniques and the requirement for more realistic dose data, has led to the development of complex phantoms containing simulated muscle, bones, lungs, and other tissues and organs. For example, radiotherapy physicists may now regularly use blocks of muscle substitutes for radiation machine calibrations and have sheet materials representing muscle, adipose tissue, lung, and bone, together with anthropomorphic phantoms available for use when new treatment procedures are being developed. Radiation detectors simulating different body tissues are now also frequently used [Rossi and Failla, 1956; Shonka et al., 1958; ICRU Report 26 (ICRU, 1977) ].
The body tissues selected for evaluation in this Report were chosen with current dosimetric needs in mind. The tissues fall naturally into two groups. In any dosimetric measurement relating to an irradiated tissue volume, certain body tissues predominate. In general, the most important tissues needing simulation are muscle (skeletal},l adipose tissue, and the skeleton (ICRP, 1975) . Together, these make up over 70% of the body mass. Despite the minor mass proportion (,,=,1.4% of total body mass), lung tissue is important due to the perturbations in absorbed-dose distributions produced by the inflated lung when the thorax is irradiated.
The second group of body tissues contain those that are of particular interest in specific radiation specialties. In radiation protection, certain tissues are thought to be more at risk from the harmful effects of radiation. Tissues and organs such as the breast, eye lens, ovary, skin, testis, and thyroid may be considered when individual dose equivalents are being evaluated [ICRP Publication 26 (ICRP, 1977) ; ICRU Report 37 (ICRU, 1984b) ]. Dosimetric studies in radiothera~y may involve specific body organs such as the bram, liver, kidneys, etc. [ICRU Report 45 (ICRU, 1989) ]. In microdosimetry, the cell nucleus may also need to be simulated [Booz et al., 1983; ICRU Report 36 (ICRU, 1983) ].
Consequently, 24 body tissues have been selected for evaluation in this Report, namely: 
Biological Variability of Tissues
The elemental compositions of most body tissues are known to vary considerably between different individuals of the same age. In addition, the composition of a given tissue within one individual may vary from one body site to another. Factors such as sex, metabolism, dietary habits, state of health, even elevation above sea level, all play a part in determining tissue composition [ICRP Publication 23 (ICRP, 1975); Woodard,1984] .
The age of the individual may also influence the composition of body tissues. For example, cortical bone changes considerably from infancy to adulthood, although, in the adult, the variation between healthy individuals is small (Woodard, 1984) . This is shown in Table 4 .1, which gives the mean elemental contents and mass densities of 24 adults (20--74 years), 10 children of 6-13 years and 4 children of 2-5 years. Data from the same'author for a perinatal monkey are also included in the table as they are thought to be directly applicable to human babies.
The variability of body tissues between individuals is evident when the important soft tissues, adipose, and muscle (skeletal) are considered. Adipose tissue is composed of a protein matrix supporting cells (adipocytes) highly specialized for the storage of lipid. Forbes et al. (1956) reported analyses of autopsy specimens from two different subjects. One subject had adipose tissue containing 16.8% water and 78.4% lipid, by mass. The same type of tissue in an apparently severely undernourished subject contained 83.9% water and 4.2% lipid, by mass. ICRP (1975) , in a critical review of the literature, stated that typically, the water content in adipose tissue may vary from 10.9 to 21.0%, by mass, while lipid content is in the range 62.0 to 91.0%, by mass .. In the same publication, ICRP reported smaller varIations in muscle (skeletal) among individuals with water being 68.9 to 80.3%, by mass and lipid in the range 2.2 to 9.4%, by mass. A reassessment of the variability of published body-tissue compositions has been undertaken by Woodard and White (1986) .
Typical variations in water, lipid, protein contents, and mass densities reported by ICRP (1975) for 12 of the selected body tissues are shown in Table 4 .2.
A major problem with many published body-tissue compositions is that the sum of the quoted percentage masses either falls short of, or exceeds 100%. The discrepancies result from combining published data from authors using different tissue samples and experimental techniques. When radiation-interaction data are being calculated using such tissue compositions, several courses of action are possible. The compositions may be used without correction, but the derived radiation-interaction data will be in error due to the apparent "missing" or "additional" elements. A number of arbitrary corrections may be applied such as normalizing the composition to 100% or altering the percentage mass of the major element present, normally oxygen (carbon in the case of adipose tissue). The correction method suggested by Woodard (1984) and adopted by Woodard and White (1986) has been used in this Report. In this method, the basic water, fat and protein contents of each tissue are considered. Values within the reported ranges of the most abundant components are chosen which will bring the total percentage mass to 100%. For all the reasons given here, it is imperative that body-tissue compositions are not given the standing of physical constants and their reported variability is always taken into consideration.
Average Body Tissues
In certain theoretical and experimental dosimetric procedures, a single elemental composition may be used to represent a group of similar body tissues, such as soft tissues. Similarly, a single composition may be adequate in macroscopic dosimetry for body structures made up of several discrete tissues; for example, skeletal structures composed of cartilage, cortical bone, and red and yellow marrow.
Average compositions representing muscle-like tissues are used in neutron dosimetry [ICRU Reports 26 (ICRU, 1977) and 45 (ICRU, 1989)] and radiation protection [ICRU Reports 33 (ICRU, 1980) and 37 (ICRU, 1984b) ]. An elemental composition for total soft tissue has also been reported by ICRP (1975) . In Table 4 .3, the published compositions for these soft tissues are listed, illustrating the changes that have occurred since 1969 as more reliable body-tissue compositions TABLE 4.2-The water, lipid, and protein content and mass densities of selected body tissues (lCRP, 1975) have appeared in the literature. The last set of data listed in Table 4 .3 for male and female soft tissue (White et aZ., 1987) are based on the reassessment of published body-tissue compositions given by Woodard and White (1986) and White et aZ. (1987) , and the tissue proportions suggested by ICRP (1975) for reference adults. Mass densities of 1030 kg m-3 and 1020 kg m -3 were quoted in this study for male and female soft tissues, respectively.
Average bone formulations for use in radiotherapy dosimetry have been suggested by Woodard and White (1982) and White et aZ. (1987) . The bones considered included those found in the head, vertebral column, pelvis, humerus, and femur.
Elemental compositions have also been estimated for whole blood (assumed to be composed of erythrocytes and plasma); miscellaneous glands (mean of elemental data for testis, ovary, thyroid, prostate, and adrenal) and blood-filled organs such as the heart and lungs (ICRP, 1975; Woodard and White, 1986; White et aZ., 1987) .
Recommended Elemental Compositions
Since 1964, body tissue compositions have been published in ICRU Reports. Formulations for muscle (striated) and compact bone (femur) were introduced
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in Report lOb (ICRU, 1964) , based on the work of Joyet et aZ. (1953) and Oppenheimer and Pincussen (1926) . These compositions have been quoted in many subsequent ICRU Reports: 16 (ICRU, 1970a ), 17 (ICRU, 1970b ), 26 (ICRU, 1977 ), 28 (ICRU, 1978 ),30 (lCRU, 1979a ), 35 (ICRU, 1984a ), 36 (ICRU, 1983 , and 37 (ICRU, 1984b) .
The recommended elemental compositions and the values of p and no of the 24 selected body tissues are shown in Table 4 .4. With the exception of cell nucleus, the data were derived from the Report of the Task Group on Reference Man Publication 23 (ICRP, 1975) , and the reassessment of published body tissue compositions given by Woodard and White (1986) . The elemental composition for cell nucleus is based on the data presented by Booz et aZ. (1983) .
It should be noted that the composition of muscle (skeletal) here and muscle (striated) (ICRU, 1964) are similar but not identical. For example, H, C, N, and 0 contents are 10.2, 14.3,3.4, and 71.0% by mass, respectively, for muscle (skeletal) and 10.2, 12.3, 3.5, and 72.9% by mass for muscle (striated).
In the absence of more appropriate data, the elemental composition of muscle (skeletal) may be used to represent the gall bladder, larynx, esophagus, tongue, and urinary bladder wall (Woodard, 1984) .
